ABSTRACT
wells for chemical or low-level radioactive wastes, or the Performance Assessment (PA) of geological repositories for high-level nuclear wastes [4] [5] . An example of the latter is provided by the PA for the Waste Isolation Pilot Plant (WIPP), where the analysis for radionuclide transport in the Culebra Dolomite involved movement within and exchange between fractures and a surrounding matrix [4] . Another example is provided by the 2008 PA for the proposed repository for radioactive waste at Yucca Mountain (YM), Nevada; in this analysis, fracture flow and associated radionuclide transport were modeled in both the unsaturated zone (UZ) surrounding the waste disposal drifts [6] [7] [8] and in the saturated zone (SZ) located below the UZ [9] [10] [11] .
Many approaches have been proposed in the literature to tackle this problem. Within the simplifying setting of a single, longitudinal fracture, both analytical [12] [13] and numerical [14] solutions have been successfully compared to the experimental results of [15] . The interested reader may also refer to [16] for a review of the most important existing approaches. However, when dealing with more complex domains, characterized by large-scale fracture networks, detailed analytical approaches become impractical and the extension of the local-scale numerical schemes to the whole migration domain is prohibitive. In these cases, dual-or, more generally, multiplecontinua approaches offer a viable alternative based on sets of coupled classical advectiondispersion equations: here, the detailed physical and geometrical information on the fractured migration domain is condensed in lumped, effective parameters thus allowing in principle for analytical or numerical solutions.
In this paper, we exploit a Monte Carlo simulation scheme based on the Kolmogorov-Dmitriev (KD) theory of branching stochastic processes [16] [17] [18] for the solution of a dual-permeability migration problem within a realistic performance assessment case study. This numerical approach has been chosen because it allows a straightforward inclusion of i) many physical and chemical processes by simply introducing new particle types (see [16] for some examples); ii) complex geometries of the migration domain and iii) inhomogeneities both in time and space. In particular, in a realistic setting, the geometric and hydrologic properties of the transport media may be subject to changes which can be both continuous and discrete in time. For example, such modifications may include the closure of fractures in salt deposits due to the plasticity of the medium [19] [20] , the decrease in fracture aperture due to slow deposition [21] , seasonal water content changes in seasons due to rainfalls [22] , thermo-hydraulic-mechanical-chemical (THMC) couplings which can affect the permeability of the media and the average hydraulic gradient [23] [24] [25] [26] or the abrupt changes in the fracture aperture due to shock events (e.g. earthquakes, volcanic eruptions, etc.) [27] .
A significant, practical example of the importance of accounting for such evolving system properties is provided by the PA of the WIPP mentioned above, where the evolution of the hal-00771552, version 1 -8 Jan 2013
repository system due to brine inflow, gas generation, system pressurization, and pressure-induced fracturing was analyzed [4] [5] [28] .
The flexibility of the proposed modeling approach easily allows dealing with the time-dependencies introduced by these phenomena. In fact, in the following, this is demonstrated through the application to a realistic case study of performance assessment of a waste repository located in a highly fractured zone [29] subject to seismic activity.
The paper is organized as follows. In Section 2, the principal features of the dual-permeability, Monte Carlo simulation-based model are recalled. Section 3, describes the application of the model to a case study of literature [29] . Conclusions on the capabilities of the proposed procedure are drawn in Section 4.
THE MODEL
In this Section, we consider the one-dimensional, Monte Carlo simulation, dual-permeability scheme introduced in [17] and based on the Kolmogorov-Dmitriev (KD) theory of branching stochastic processes [16] [18] .
The key feature of KD modeling is that different types of particles, characterized by different 1 ). These equations appeal to our physical intuition as they represent the balance between the production and the destruction processes for both the solutons and the fracturons populations at ' z in dt . The forward and backward rates in equations (1.a,b) can be determined by analogy with the equivalent dual-permeability advection-dispersion equations [16] [17] , whereas the exchange rates can be identified on the basis of detailed physical analyses [16] [31] [32] (see Appendix A for more details).
When the transition rates are constant in time, the stochastic process of radionuclide migration modeled by the system of partial differential equations (1.a,b) represents a continuous-time homogeneous Markov process [33] , whose solution is the probability of finding the m th contaminant particle in state ' z at time t . Thus, in principle, analytic [33] [34] or numerical [30] solutions of the system of coupled equations can be found. However, in realistic cases analytic solutions are difficult to obtain, if not impossible, whereas numerical schemes may, in some cases, be subject to restrictions in the choice of the time step in order to avoid numerical problems. Here we propose to resort to the Monte Carlo particle tracking scheme proposed in [16] , which is directly derived from the underlying Markovian description of the stochastic evolution of the system of particles, whereby 
The total probability that a contaminant particle occupies cell n at time k is:
Similarly, the point-wise approximation of the normalized release (mass flow) into the environment,
, can be estimated as: 
RESULTS
The dual-permeability, Monte Carlo simulation model is applied to a realistic case study of literature for the estimation of the expected dose due to the releases from a near surface repository.
The near surface repository considered is a design concept studied by ENEA [29] [35] [36] [37] , and has similarities with the currently operative disposal facility of El Cabril, Spain [38] . As the radionuclides exit the repository floor, they migrate through the unsaturated zone, whose most important effect is that of retarding the infiltration towards the saturated zone [39] . Then, the hal-00771552, version 1 -8 Jan 2013
radionuclide migration in the groundwater domain is described to occur within a highly fractured limestone layer exhibiting extensive karstic phenomena. The key hydrogeological features and hydraulic properties of the site, reported in Table 1 , have been estimated by properly combining geophysical techniques and hydraulic testing through boreholes inspection at a repository candidate site [35] . Pu within the groundwater body described above; this particular radionuclide has been chosen because it represents a long-term threat to the environment for its radioactivity [40] .
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On the basis of the estimated Pu dose conversion factor for ingestion [35] . Figure 2 shows the estimate of the expected dose at a groundwater compartment located 100 meters downstream of the source compartment (dotted line). For decision making purposes, the estimated 239 Pu dose intensities must be compared to the limit prescribed by the Italian law for the dose to the population, i.e., a total of fractures. The expected dose shows a larger peak and a shorter tail, due to the fact that the fracturons are not delayed by the exchange process with the porous matrix; at the same time, the peak time remains the same, because in the previous case depended only on the fraction of fracturons which does not interact with the matrix before exiting the domain. In the second case, the exchange rates are increased to values which imply that all the fracturons become solutons at least once before exiting (as verified by the authors, but not shown here for brevity's sake), thus causing a shift of the peak towards larger time and a broadening of the curve due to larger dispersion.
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As mentioned in Section 2, the flexibility of the adopted model allows taking into account more realistic features of the domain and phenomena typically involved in the migration process.
This capability is first exploited on an extension of the case study previously described, which involves long term modifications of the groundwater gradient due to climate changes (e.g. rainfalls, glaciation, etc.) [42] . The process is modeled as a continuous increase in time of the groundwater fracture pore velocity f v : for simplicity, but with no loss of generality, it is assumed that the change can be described by the following power law
where  and  are model parameters and 0 , f v is the initial value of the pore velocity in fractures, assumed equal to the value adopted in the previous case study. Thus, the forward and backward transition rates of the fracturons, , and same exchange rates (dashed line), shows that the peak time shifts towards earlier times and the dispersion decreases. These effects were to be expected since, on average, the pore velocity is larger and, consequently, the probability of a fracturon being absorbed by the matrix sensibly decreases, thus leading to results similar to those obtained with a singlepermeability model (Figure 2, solid line) . The same case study is then extended to consider that the aperture of the fractures may stochastically vary in time due to the mechanical stresses induced by earthquakes hitting the migration domain [27] . The apertures of fractures may change due to normal stress-induced closures or openings and to shear stress-induced dilations; thus, the permeability of fracture rock hal-00771552, version 1 -8 Jan 2013
masses is stress-dependent [24] [26] . This indirect hydro-mechanical coupling is particularly important in fractured rock masses, since stress-induced changes in permeability can be large (several orders of magnitude) and irreversible under, in general, perturbations resulting from various natural and human activities [24] . For simplicity, but with no loss of generality, we now assume that i) the times at which the earthquakes occurr is distributed according to an exponential distribution with parameter [43] , which is the average return rate of magnitude 4/5 earthquakes of the site proposed in [35] and ii) each earthquake occurrence induces a fracture permeability change which, on average, conservatively increases the pore velocity by a 10% factor, starting from the initial value 0 , f v . As in the previous example, this entails a modification of the forward and backward transition rates of the fracturons according to equations (A5.a,b) and to
. Figure 4 (solid line) shows the results of a simulation with the forward and backward transition rates dependent on earthquake stress-induced effects and all remaining parameters identical to those of the previous example. During the simulation, a different earthquake sequence is generated over the time horizon by sampling the occurrence times from the exponential distribution in correspondence of every particle random walk. With respect to the base case illustrated before (dashed line), the peak time occurs earlier and the dispersion of the curve decreases, although to a minor extent than in the previous example: in fact, as verified by the authors, the pore velocity is on average smaller.
In conclusion, with the data used in both cases of time-dependent migration properties, the compliance of the expected doses with the regulatory limits introduced above is verified. hal-00771552, version 1 -8 Jan 2013 
CONCLUSIONS
The performance assessment of radioactive waste repositories relies on predictive models for the quantitative analysis of the consequences of radionuclide releases, which are then transported back to the biosphere along natural pathways. A particular concern is the migration of radionuclides in the preferential pathways offered by fractures in ground formations traversed by a groundwater flow.
In this paper, a dual-permeability, Monte Carlo simulation scheme based on the KolmogorovDmitriev theory of stochastic branching processes for modeling radionuclide migration in a fractured medium has been embedded within a dose assessment problem of a realistic radioactive waste repository. The method has allowed to capture the effects of the fracture-matrix interactions on the migration process, which may affect the overall safety considerations in terms of the peak dose and the persistence of the dose tails.
The flexibility offered by the Monte Carlo simulation approach has been exploited to capture the effects of time-dependent changes in the hydraulic properties of the fractures on the predicted dose.
The results have demonstrated that the method allows assessing how robust is the safety performance with respect to the occurrence of long-term gradual climate changes or discrete catastrophic events. ),  is the water content, q is the Darcy's velocity, c is the solute concentration and s  is the exchange term between the porous matrix and the fracture system. According to [31] [32] , assuming that only the diffusive contribution to the exchange process is taken into account and that the flow field is at steady-state, the exchange ) and, subsequently, discretize them in space by a centered Euler method:
